Radiological accidents and disasters can have a huge and lasting impact on public health. Hospitals should be prepared to respond to potential radiation emergencies as determined by risk assessments based on local and regional radioactive hazards, threats and vulnerabilities. Approach to hospital management of multiple combined radiation injury victims require attention to casualty triage, decontamination and prevention of secondary contamination, healthcare personnel radiation safety, trauma care system, medical staff knowledge of radiation related injuries and availability of pharmaco-therapeutic options. Considering surge science, preparedness strategies are described according to the key components of the "3 S" system.
INtRODUCtION
The recent Fukushima nuclear crisis has attracted much interest, attention and concern. The crisis which was triggered by an earthquake and subsequent tsunami is considered one of the worst in recent times, only surpassed by the Chernobyl nuclear disaster. While it is far from over, the overall impact to human health and the environment is expected to be huge and long lasting. Even after many months, Japan is still struggling to overcome this crisis. In another separate incident in Goiania, Brazil in 1987, environmental contamination and fatalities occurred due to accidental scavenging of radiotherapy source involving Cesium-137 from an abandoned clinic 1 . These 2 incidents demonstrate the great impact radiological accidents and disasters can have on public health and they underscore the need for comprehensive emergency preparedness in Singapore.
Singapore does not have any nuclear plants. However, it is surrounded by countries that have expressed an interest in acquiring nuclear capabilities. In Asia, multiple nuclear plants exist in Japan, Korea and China. Besides nuclear plants, there are many other local radioactive hazards that pose short-and long-term risks. For example, nuclear powered military vessels occasionally dock in Singapore, radioactive sources from medical equipment and industrial instruments, and the threat of radiation dispersal device (RDD or "dirty bomb") used by terrorists 2 .
Restructured hospitals in Singapore need to collate resources and expertise to enable an effective response during radiation emergencies. As evidenced by the Fukushima incident, hospitals play an important role in the initial response to address public health concerns of "worried well" travellers from Japan. It is prudent to establish a response framework to ensure continuity of Review Proceedings of Singapore Healthcare  Volume 20  Number 3  2011 hospital operations and quicken facility recovery. We need to be mindful of the burden radiation emergencies can place on our hospitals' capability to treat other patients 2, 3 .
PAst RADIAtION INCIDENts IN sINgAPORE
The Centre for Radiation Protection and Nuclear Science (CRPNS) is the national authority for radiation protection in Singapore. It administers and enforces the Radiation Protection Act and Regulations by a system of licencing and inspections. Since the formation of Radiation Protection Inspectorate in 1972, there has been no report on cases of radiation injuries involving the public or healthcare workers (CRPNS, 2011, telephone communication). Licences from the National Environment Agency are required for the import, export and disposal of all radioactive material and irradiation apparatus. Such regulatory controls aim to prevent "orphaned sources" which might lead to misuse and accidents.
HEAltH EffECts Of RADIAtION ExPOsURE
Ionising radiation is caused by particles or electromagnetic waves that are energetic enough to detach electrons from atoms or molecules, hence ionising them. The degree and nature of such ionisation depends on the energy of the particles and not their number. Examples of ionising particles are alpha and beta particles, neutrons and cosmic rays. The ability of an electromagnetic wave to ionise an atom or molecule depends on its frequency, which in turn determines the energy of its associated particle (photon). High frequency ultraviolet, X-rays and gamma rays are radiation on the short-wavelength end of the electromagnetic spectrum and is ionising due to their composition of high-energy photons. On the other hand, lower energy radiation such as lower energy UV light, visible light, infrared, microwaves and radiowaves are non-ionising.
Ionising radiation produces free radicals that easily damage cellular DNA. Although radiation is ubiquitous in the environment, low levels of natural/background radiation are not associated with any health risks. Background radiation is about 3 millisievert (mSv) per year 4 . Radiation exposure can be broadly divided into irradiation and contamination. As ionising radiation cannot be detected by human senses, instruments such as Geiger Muller counters are needed to detect and quantify the energy amount.
The biological effects of ionising radiation can be classified into 2 types: somatic and genetic. Somatic effects appear in the exposed person while genetic or heritable effects appear in the future generations of exposed person because of radiation damage to the reproductive cells. Another way of considering the biological effects from radiation is by its deterministic and stochastic effects 5 . Deterministic effects, such as cataracts and skin erythema, are those where a minimum number of cells must be affected before the changes are apparent and there is a minimum threshold radiation dose. As the radiation increases above the threshold, the likelihood of observing the effects and the severity increases. If the dose is sufficiently high, there is 100% certainty that the effect will be induced. On the other hand, stochastic effects like radiation induced neoplasm, do not have a threshold dose. In theory, changes induced in a single cell are sufficient to initiate the biological process that leads to the effect. The likelihood of inducing the effect, but not the severity, increases with dose. The definitions of deterministic and stochastic effects are hypothetical concepts and may not always accurately describe an effect. These issues are difficult to resolve based on current limited knowledge on mechanisms of radiation induced biological effects, especially low dose ionising radiation 5 .
It is known that some tissues and organs in the body such as red bone marrow and gonads are more radiation sensitive or susceptible to radiation injury. The skin and gastrointestinal (GI) tract are more likely to suffer from external and internal contamination respectively by proxy. Overall, children and young adults have a higher lifetime risk of developing radiation induced cancer after exposure. For those who are exposed to sudden high radiation levels, acute radiation sickness (ARS) may develop (see later).
fACIlIty READINEss tO DECONtAMINAtE AND MANAgE CAsUAltIEs
Following a radiological mass casualty incident (MCI), hospitals need to be ready for an influx of contaminated casualties. In a "dirty bomb" scenario, trauma victims may be contaminated by radiation material that is dispersed. Based on a study by Harper et al, the radionuclides that would be most likely used by terrorists include caesium chloride, cobalt, americium and iridium 6 . Although the radiation exposure generated is likely to be of low levels, the presence of radioactive contaminants adds complexity to emergency response efforts.
The extent of casualty contamination is determined by factors such as the distance from source, physical properties of the radionuclides and environmental conditions. As part of national civil emergency response plans, on-scene casualty decontamination could be conducted by Singapore Civil Defence Force (SCDF) and Singapore Armed Forces' (SAF) Medical Response Force (MRF). Radiation survey devices are utilised to determine presence of casualty contamination.
Around 90% of external decontamination can be easily accomplished by removing the person's clothing and shoes and washing the skin and hair with soap and water 7 . Internal contamination poses more challenges. It occurs when unprotected personnel ingest, inhale or are wounded by shrapnel containing radioactive material and is more likely if significant contamination is detected on the face or around the nostril 8 . Complete decontamination might not be achievable at the incident site despite best efforts. Given that self evacuation of contaminated casualties may also prevent on-scene decontamination by first responders, hospitals need to establish casualty decontamination capabilities (see Fig. 1 ).
Externally contaminated casualties have radioactive dust and particles on their skin and clothing and would require "external" decontamination to prevent further irradiation and internal contamination. In a limited casualty situation, the ideal method would be targeted decontamination, where the contaminated areas are identified, isolated and washed to prevent spreading of contamination to other parts. This is especially important if the contaminant is around the facial orifices, thereby increasing the chances of accidental ingestion or inhalation during process of decontamination. The face should be protected. Nasal swabs should be done if there is facial contamination. Clean wounds should be covered with sterile waterproof dressings to prevent contamination. Contaminated areas are marked, isolated and cleaned with soap and running water. Priority should be placed on decontaminating contaminated wounds first, followed by cleaning contaminated skin and hair.
If the radiation counts drop to less than 2 times the background value, decontamination can be stopped. Persistently contaminated areas should not be excessively washed to avoid skin injury and absorption of contaminants. Areas that cannot be effectively decontaminated should be marked and monitored.
Although complete casualty decontamination should ideally be achieved before entering the hospital's premise, persistently contaminated casualties with life-threatening injuries should not be denied life-saving medical attention. The cause of immediate victim fatality is usually trauma related and attendance to medical conditions should take precedence over radiological concerns and decontamination 9, 10 .
Advance trauma life support measures should be instituted as soon as possible. Any body areas with residual contamination may be covered with waterproof dressings or drapes to limit spreading of contamination to other body parts, the immediate environment or other patients.
PRE-DEsIgNAtED HOsPItAl AREAs fOR MANAgEMENt Of PERsIstENtly CONtAMINAtED CAsUAltIEs
Persistent patient contamination can be the result of internal contamination or presence of embedded radioactive material (shrapnel) in wounds of "dirty bomb" victims. Their clinical condition may disallow protracted decontamination efforts at the decontamination facility. As such, pre-designated treatment areas need to be planned at the hospital (in the emergency department [ED], operating theatre [OT], wards) for management of these contaminated casualties. Locally, they are known as the "radiation isolation rooms" or RIRs. These areas will require resuscitation equipment and assigned staff with appropriate personal protective equipment (PPE). At the ED RIR, ED staff would initially assume command and control and marshall it until the hospital's Radiation Response Team (RRT) arrives to take over. RRT staff usually include radiologists, radiographers, radiation oncology physicians and technicians. In the ED RIR, further attempts to decontaminate casualties can be made even as resuscitations are carried out.
Generally, any non-essential equipment in the RIRs should be removed or covered to avoid secondary contamination. Based on recommendations by REAC/TS (Radiation Emergency Assistance/Training Site), the treatment table should be covered with several layers of waterproof, disposable sheets while the floor may be protected with durable brown wrapping paper or absorbent pads (see Fig. 2 ). A wide strip of tape (control line) can be used at the entrance of the RIR to clearly demarcate the contaminated from the uncontaminated side 11 .
If possible, before the arrival of the casualties, the background radiation in RIRs should be recorded by RRT members who control traffic in and out of the areas. Subsequently, all staff and equipment exiting RIRs will require radiation surveys to ascertain that they are uncontaminated. Contaminated casualties who require transportation to other patient care areas (e.g. from ED RIR to OT RIR) will have to take the shortest possible routes to mitigate the situation.
UtIlIsAtION Of tRIAgE fOR PRIORItIsINg CARE
As in any civil emergencies, a triage system is needed in a resource scarce environment to correctly identify casualties with serious and life-threatening conditions so that immediate attention can be directed to them. Most casualties will not require immediate medical attention and the "worried well" might form a large number. Forward triaging before hospital control lines will help to identify which casualties are suitable to undergo time consuming radiation surveys and decontamination. Several mass casualty triage tool for radiation events have been developed by various organisations and can be accessed from the web 7, 11 . The approach is watchful waiting for those with mild ARS, immediate active intervention for those with severe exposures and palliative care for those with lethal exposures 12, 13 .
Given that medical problems have priority over radiological concerns, a critically injured casualty should be taken first to the ED RIR for resuscitation. An initial brief radiological survey can be performed while the casualty is being stabilised. Finally, a more thorough survey is performed once life-threatening problems are addressed.
PERsONAl PROtECtIVE EqUIPMENt fOR stAff
The International Atomic Energy Agency (IAEA) Practical Radiation Technical Manual states that PPE includes clothing or other special equipment that is issued to individual staff to provide protection against actual or potential exposure to radiation 14 .
It is used to protect each staff against prevailing risk of external or internal exposure in circumstances in which it is not reasonably practicable to provide complete protection by means of engineering controls or administrative methods. Hospitals need to ensure adequate staff protection by correctly selecting, fitting and maintaining PPE.
The purpose of protective clothing is to keep the bare skin and personal clothing free from contaminants. Staff working with persistently contaminated casualties in RIRs should be gowned in surgical clothing (cap, eye protection, mask, scrub suit, gown and gloves). Waterproof shoe covers should also be worn. All open seams and cuffs should be taped using masking or adhesive tape. Two pairs of surgical gloves should be worn with the first pair tucked under the arm cuff and secured by tape. Waterproof apron can also be donned by staff using liquids for decontamination purposes. A radiation dosimeter should be assigned to each staff to monitor their accumulated radiation dose. Staff whose dosimeter alarms are triggered because of accumulating doses above thresholds should stop work immediately, leave the RIR and report to the RRT for further evaluation and advice.
As the contaminated casualties are contained within the controlled areas, general staff not within those areas are not required to don any PPE. So far, no US healthcare worker who has adhered to simple precautions has become contaminated from handling a contaminated patient 15 . With precautions, there is generally no hazard associated with handling a radiologically contaminated casualty 8 .
tHE PRINCIPlEs Of tIME, DIstANCE AND sHIElDINg
While handling radiologically contaminated casualties, the cardinal rules of radiation protection -time, distance and shielding -should be applied.
Time -the amount of radiation exposure is dependent on the duration of time spent near the radioactive source. This time should be kept to a minimum by eliminating non-essential tasks and staff, and limiting redundancies in the caregiving processes.
Distance -increasing distance from the source lessens the amount of radiation exposure. Based on the inverse-square law, doubling the distance from the source reduces the exposure by a factor of four. Medical staff handling radioactive material like casualties' clothing or shrapnel, should use equipment like tongs to maximise distance.
Shielding -the amount of protective shielding required relies on the amount of energy each type of radiation has. A thin sheet of light material like paper is sufficient to provide adequate shielding against alpha radiation. Beta radiation can be shielded with additional covering like heavy clothing while gamma radiation will require thick and dense shielding materials like lead. Identification of specific radionuclides will help to determine the type of shielding required for staff protection. However, wearing of lead apron shields is generally not required.
MEDICAl MANAgEMENt Of A RADIAtION CAsUAlty
To effectively manage a casualty who has radiation-related injuries, medical personnel need to understand the spectrum of radiation exposure. This can be broadly classified into irradiation and contamination, which can be further subdivided into external and internal contamination. A casualty can have a combination of the above.
In addition to radiological injuries, casualties can also have trauma-and burns-related injuries especially in the context of use of RDD and nuclear detonation devices. The prognosis for patients with mixed injuries is worse compared to casualties who have just radiation-related injuries. Chemical and biological agents may also be used concomitantly in terrorist events. The focus of this review will be on radiation-related injuries.
The priority of management of casualties would be resuscitation followed by external decontamination and then specific management of significant irradiation and internal contamination. Although low dose radiation exposure does not cause immediate clinical effects, one should keep in mind the principle of ALARA -as low as reasonably achievable 13 in the management of casualties to prevent any unnecessary exposure and risk.
Acute Radiation syndrome (ARs)
This occurs when the patient has whole body irradiation. The irradiation energy absorbed by the body or significant partial body results in a spectrum of injury patterns known as acute radiation syndrome. Mild symptoms of nausea and headache may start as low as 0.3 Sv exposure 13 . Clinically significant effects are present only with larger exposure of >1 Sv 10,12 . Higher doses can result in distinct syndromes involving the haematopoietic, GI tract, central nervous system, and cardiovascular systems. Exposure to >10 Sv is lethal and only comfort care is warranted in this situation. There are 4 phases described for each syndrome in ARS: prodromal, latent, manifest-illness and recovery phases. The phases can overlap and be absent if the dose involve is too large.
When evaluating ARS, history should be taken to establish the location of the patient during the incident and determine possible route of exposure. Patients may have non-specific nausea, vomiting and lethargy in the prodromal phase. Further evaluation is centred on the dose estimation or bio-dosimetry 9 . These would include reference to the lymphocyte depletion curve. The rate and size of drop of lymphocyte level has been shown to correlate with the absorbed dose of radiation 12, 13 .
Proceedings of Singapore Healthcare  Volume 20  Number 3  2011 A full blood count with differentials should be taken initially, followed by every 4-6 hrs for the first day and then daily for 2-3 days. Clinically significant depletion occurs with >1 Sv exposure. The second triage tool is time to emesis. Emesis occurring less than one hour after exposure would likely point to exposure of >4 Sv. Patients experiencing emesis <4 hours post exposure need to be evaluated soon while those with emesis after 4 hours can receive delayed medical attention 9 . Cytogenetic analysis for chromosomal abnormalities can also be performed (dicentric chromosomes) for dose estimation. However, expertise is required for such tests and the results are often delayed. Lastly, blood amylase level can be used a non-specific indicator of radiation injury to the head and neck.
Supportive medical therapy is mainly required for prodromal symptoms. For patients with haematopoietic syndrome (usually starts at 0.7 Sv), early use of cytokines (colony stimulating factors, CSF), antibiotics and careful nursing measures have improved their survivability. Prophylactic broad spectrum antibiotics should be given for neutropenic patients and infection and sepsis must be treated aggressively. Colony stimulating factors may be required and these include granulocyte and macrophage CSF. Bone marrow stem cell transplant may also be needed. Transfusion products should be leukoreduced and irradiated to prevent graft versus host disease in the immune-compromised patient. Ideally, a haematologist should be involved in the management of these patients.
The treatment of GI syndrome is mainly with antiemetics (ondansetron) and fluid and electrolyte support. The full blown GI syndrome occurs with 10 Sv exposure and this is not survivable. The central nervous system and cardiovascular syndrome occurs with supra-lethal exposure of >20-50 Sv. In these cases the patients usually present with coma, convulsion and cardiovascular collapse. They would need immediate resuscitation. However, when this condition is diagnosed, the treatment would generally be comfort care and death occurs within 2 days 12 .
When surgery is required, it should be performed before 36-48 hours. Otherwise, surgery is best delayed for at least 6 weeks till the immune-compromised state improves as wound healing may be difficult. With good nursing and intensive care, patients with 5-8 Sv exposure may be able to survive 12 . Survival is influenced by co-morbidity as well as other non-radiation related injuries.
local Radiation Injury (lRI)
Local radiation injury or cutaneous radiation injury can occur without ARS. It usually results from burns by non-penetrating beta particles and low-energy photons. The dose involved can be much higher with the threshold of erythema occurring on the first day occurring at 10 Sv exposure 15 .
Radiation burns usually start late with features of erythema, blister formation and epilation followed by necrosis and breakdown. The effects are delayed and healing is poor. The area involved may be small but the injury can extend deep to the muscles and bones. Burns that appear immediately after the incident should be treated as thermal burns rather than radiation burns.
Internal Contamination and Radiation "Antidotes"
Internal contamination is differentiated from external contamination by the radionuclide entering the body rather than just being on the surface of the body. The radionuclides can be absorbed into the body by various routes: ingestion, inhalation, dermal absorption from normal skin and from wounds and penetrating injuries.
The greatest consequence of internal contamination is incorporation of radionuclides. Radionuclides have a predilection for specific organs. They undergo distribution and elimination much like any other element and are incorporated into various organs. They can be excreted in the urine, faeces and other body fluids.
Radioiodine is incorporated predominantly in the thyroid gland. Strontium, radium and americium are incorporated mainly in the bones, plutonium in the lungs and bones, and uranium in the kidney and bones. These radionuclides continue to exert damage in the site of incorporation by radioactive decay, some with half-life of a few hundred years. The extent of injury depends on both the biologic and radioactive half-life of the isotope involved and the pharmacokinetic and dynamics of the isotope in the body. They contribute to the radiation dose absorbed by the patient and depending on dose may cause ARS.
The diagnosis of internal contamination cannot be measured in the same way as external contamination. Positive readings from the external nares suggest that respiratory contamination have occurred. Inhaled particles that emit gamma rays or high energy beta particles may also be detected by a radiation detector placed over the sternum or between the clavicles. Urine and faeces should be obtained early and assessed for the excretion of radio-isotopes. Blood levels of specific radio-isotopes may also be helpful. The quantitation of internal contamination can also be assessed by a history of exposure through the different routes.
Decontamination methods like bronchoalveolar lavage, gastric lavage and the use of emetics and purgatives helps to decrease absorption of isotope if the particles are recently ingested or inhaled. However, such procedures have their own complications and should be judiciously performed.
Radiation "antidotes" for internal contamination do not reverse the injuries caused by radiation. Instead, they are used to reduce internal contamination (by decreasing absorption and increasing elimination) and decrease incorporation of radionuclides. Their mechanisms of action include reduce uptake, use of blocking agents (or isotopic dilution), mobilising agents and chelation 15, 16 .
Potassium iodide (KI) is a blocking agent for radioactive iodine-131 17 . Iodine-131 is a product of fission reactions and is produced after a major nuclear reactor accident or weapon detonation. It causes cellular damage by emitting beta particles and gamma rays. Potassium iodide decreases the incorporation of iodine-131 in the thyroid gland, reducing the chances of thyroid cancer. It is most efficacious when used before exposure but become less effective if it is used more than 6 hours after exposure because by then, most of the radioactive iodine would have been taken up by the thyroid glands. If there is continued exposure risk, KI should be dosed daily. The recommended dose for adults is 130mg daily.
Prussian blue or radiogardase is ferric hexacyanoferrate (II) and it works by reducing uptake of certain isotopes. It is used to treat internal contamination with cesium-137 by decreasing its absorption from the GIT and increasing its excretion in faeces by enterohepatic recirculation. Cesium-137 has a long half-life of 30 years, underscoring the importance of preventing its incorporation. The recommended dose of insoluble Prussian blue is 3 grams orally three times a day for adults 18 .
Chelators like Zinc and Calcium DTPA 19, 20 are used to treat known or suspected internal contamination with plutonium, americium, or curium to increase their rates of elimination. They act by binding to these nuclides and increasing their excretion in the urine. These radionuclides have very long radioactive half-life and are alpha particle emitters.
Urine alkalinisation functions as mobilising agents, promoting urinary excretion of some radionuclides like uranium, helping to protect the kidney from uranium deposition. Lastly, aluminium hydroxide and calcium carbonate can be used to reduce absorption of strontium from the gut.
Specific "antidotes" should only be used when the particular radionuclide is identified.
There are specific indications and contraindications for use of each drug. For example, KI should only be used when radio-iodine leakage is detected and where sufficient exposure is possible. Consultation should be made with relevant specialists experienced in the use of these antidotes before they are prescribed.
Psychological and supportive Care
As an invisible and odourless poison and whose effect is delayed, the psychosocial impact should not be underestimated. The "worried well" general public members who did not have significant irradiation might converge upon hospitals for advice and screening. This can potentially overwhelm the healthcare system. Casualties and their families need to be properly counselled and assurance given as needed. Health advisories should be congruent to the national response and guidelines.
More than 75% of radiation casualties have psychological needs 12 palliative, expectant care because of nonsalvageable exposure to a lethal dose of radiation would also need psychological care.
HOsPItAl PREPAREDNEss UsINg sURgE sCIENCE
Following a radiological mass MCI, a surge of patients is expected and hospitals will need to rapidly reorganise and systematically manage its resources for patient care. Barbisch et al described a concept of surge capacity which is known as the "3 S System" 21 -the "3 S" standing for "staff, stuff and structure." By considering these key components when preparing for disaster, healthcare facilities can respond better during a crisis. When emergencies occur, hospitals should be prepared with adequate and appropriately skilled personnel (staff ), eventspecific supplies (stuff ), and patient care space with incident management systems (structure -physical and management infrastructure) [see List 1] .
For radiological emergencies, hospitals need to ensure that relevant staff are trained to medically manage combined radiation injuries (blast injuries), have radiation awareness, and the necessary competencies to operate radiation survey meters when required to do so. Specialised items for radiation detection and personnel protection such as Geiger Muller detectors, personal dosimeters and lead bins may need procurement to allow early deployment when needed. Concerning patient care areas, an alternative location should also be considered to relieve the busy emergency department of the "worried well". In this aspect, community resources could be utilised by coordination with government agencies to screen the masses for contamination.
list 1
Examples of various factors related to radiological emergencies that healthcare facilities may need to consider for surge capacity building, grouped under the components of the "3 S System".  Appropriate competencies and medical knowledge to manage casualties with radiation injuries and combined radiation injuries (e.g. with blast injuries and burns);
Staff
 Availability of subject matter experts (such as emergency physicians, radiologists, nuclear medicine physicians, radiation oncologists, medical physicists, and health physicists) to provide timely patient care input.
Stuff
 Availability of radiation survey instruments and dose-rate meters (e.g. electronic personal dosimeters);
 Appropriate stockpiling of medical countermeasures and therapies for radiation emergencies (e.g. potassium iodide, Prussian blue, haematopoietic colony stimulating factors) based on local threat and vulnerability assessments;
 Availability of items for contamination control such as floor coverings, patient "wraps" and lead waste bins.
Structure (Space)
 Designation of "dirty" patient care areas in the emergency department, operating theatres and wards for medical management of contaminated casualties with planning of entrance, exit points as well as patient transport routes between these areas;
 Alternate assessment sites for the "worried well".
Structure (System)
 In addition to an all-hazards approach, adopt a system-based approach to prepare, plan and exercise for radiological emergencies;
 Team-based system to provide control and containment of hospital contamination (e.g. radiation response team, RRT) as well as medical management of patients with radiation exposure and/or internal contamination (e.g. nuclear medicine physician, radiation oncologist);
 Staff radiation safety programme to ensure correct application of safety principles, use of personal protective equipment (PPE) and compliance to occupational health standards;
